Undulator A Diagnostics at the Advanced Photon Source P. Ilinski
Introduction
Diagnostics of Undulator A#2 (UA2) radiation was performed during the October 1997 run at the Advanced Photon Source (APS). The UA2 undulator is a standard 3.3-cmperiod APS Undulator A [1] , which was positioned downstream from the center of the straight section at Sector 8. The diagnostics included the angular-spectral measurements of the undulator radiation to determine the undulator radiation absolute spectral flux and the particle beam divergence. The results of the absolute spectral flux measurements are compared to the undulator spectrum calculated from measured undulator magnetic field.
The particle's energy spread was determined from spectra comparison.
Previously, we reported the first measurements made on Undulator A at the APS [2, 3] . The purpose of the present report is to summarize the results of the diagnostics performed on the Sector 8 undulator at the request of the IMM-CAT staff, and to present a more general discussion of undulator radiation sources at the APS and details of their diagnostics.
Diagnostics Setup and Experimental Conditions

1. Setup
The undulator diagnostics setup included a pinhole slit assembly to reduce the incident power and to define the angular acceptance and a crystal spectrometer for absolute spectral flux measurements [2] . All components were mounted on a standard APS optical table with five degrees of freedom, so that the setup axis could be adjusted to the axis of the undulator radiation and transverse scans could be performed. The setup was installed in the first optical enclosure (FOE) after two 2x250 µm Be windows. The setup entrance slits were 150 µm horizontal by 75 µm vertical, positioned at 28.0 m from the undulator center and 29.25 m from the center of the straight section. A single-crystal spectrometer combined a Si(111) crystal monochromator and two ion chambers to measure the intensity of the reflected beam. The ion chambers had a 100-mm active path and were filled with a nitrogen gas, whose pressure and temperature were monitored. The use of the second ion chamber allows one to double-check the ion chamber efficiency and to minimize the background due to the fluorescent scattering from the crystal. The current measurements of the second chamber were used to deduce the absolute flux value. The beam path from the Be window to the crystal was kept in a He atmosphere. An exit window and the ion chamber windows were 25-µm-thick Kapton. A program for data handling and analysis was written using the IGOR C-like language [4] .
Spectrometer Energy Calibration
The undulator deflection parameter can be determined from the undulator harmonic energy position. Comparison of the measured and calculated undulator transverse profiles also requires precise knowledge of the spectrometer energy.
The energy scale of the crystal spectrometer was calibrated using K-edges: Ni (8333 eV), Zn (9659 eV), Ge (11103 eV) and Zr (17998 eV). The results of the calibration with Zn and Zr are shown in Figure 1 and Figure 2 . In the energy range from 7 to 20 keV, the spectrometer absolute energy scale was accurate within 15 eV. Energy calibration was repeated every shift and was found reproducible within 2 eV.
3. Storage Ring Lattice Parameters
The storage ring lattice parameters define the particle beam size and divergence, which greatly affect an undulator radiation spectrum. The beam size and divergence can be obtained at any point of the storage ring by knowing the beam emittance, and the alpha, beta and dispersion functions [5] . Undulators are installed in the straight sections of the storage ring, where the alpha and the dispersion function are zero at the APS, and the particle beam will be fully characterized by the beam emittance, ε, and the beta function, β .
The vertical emittance can be minimized by adjusting lattice parameters and may be less than 5% of the horizontal emittance value.
A particle beam in a well-behaved storage ring has a Gaussian distribution in the phase space and can be represented by a sigma contour that is the phase ellipse [5] . At the location where the beta function is minimal, β 0 , the maximum rms beam source size and divergence are equal to σ εβ The resulting undulator radiation is a convolution of the undulator radiation emitted by one particle and the particle beam. The range of the β 0 value deviations will determine the range of the beam source size and divergence changes, which will change the maximum radiation intensity. At the APS, the β 0 location defines mainly the position of the source (see Section 3.2). Therefore the variation of the β 0 location will change the distance to the source.
The beta function measurements were performed by the Accelerator System Division (ASD) at the APS. The results of the measurements showed that the value of the beta function at the quadrupoles SXXB:Q1 and SX(X+1)A:Q1, which are at the beginning and the end of the straight section, may vary from the design value and may not be equal [6] .
In the case that they are not equal, the location of the minimum beta function will be away from the center of the straight section. The beta function in the straight section, that is free space, has the form The beta function measurements were made for a standard APS storage-ring lattice (designed beta functions) and for a lattice with a low vertical beta function configuration [6] . The beta function measured at the quadrupole's centers, and those evaluated at the beginning and at the end of the straight section, and the calculated corresponding β 0 values and locations are given in Table 1 for Sectors 2, 3 and 8 for the standard APS lattice. The same parameters for Sectors 35 and 36 are summarized in Table 2 for the low-beta lattice configuration. As can be seen from these tables, the β 0 values vary from the design specification as much as 20%, and the position may be up to 1.8 m away from the center of the straight section.
The beta function measurements were performed at Sector 8 for the standard lattice configuration on 11/17/97, after the undulator diagnostics was completed. The measured β 0 value at Sector 8 and its location are close to the design specifications.
Undulator Diagnostics Results
To evaluate undulator performance, the measured undulator flux has to be compared to the calculated flux. The angular spectral characteristics for an ideal undulator with sinusoidal magnetic field were calculated using the program US [7] . Spectral flux of the real undulator was calculated for a particular undulator from the measured magnetic field [8] by use of the program UR [9] . The undulator radiation flux calculations require knowledge of the undulator deflection parameter value, distance to the source, slit sizes, and particle beam parameters: horizontal and vertical rms beam size and divergence. To make a reasonable comparison between flux calculations and absolute flux measurements, the accuracy of these parameters should be known at least to the same order of magnitude as the accuracy of the absolute flux measurements itself. Individual error contributions to the absolute flux measurements are discussed in Section 3.4.
1. Undulator Deflection Parameter Value
For an ideal sinusoidal trajectory, the undulator deflection parameter K is interpreted as the maximum deflection angle in units of
. An effective K value of 1.217 was determined from the UA2 magnetic measurements at a gap of 18.5 mm [10] . The measured peak magnetic field at a gap of 18.5 mm was 3.95±0.02 T.
A spectrum of the first undulator harmonic measured at a gap of 18.5 mm is shown in Figure 3 ; it is compared to that calculated for an ideal undulator with an undulator deflection parameter value of K=1.217. The two spectra differ by an energy distance of 60 eV, indicating that the actual K value at the given gap size is larger than 1.217. The K value that corresponds to the measured spectrum was found to be 1.228, which is demonstrated by the match of the measured and calculated undulator spectrums for K=1.228 ( Figure 3 ).
The larger K value could be due to the higher peak magnetic field by a factor of 40 Gauss or by a 94 µm smaller gap size, corresponding to a 18.406 mm gap. The exact reasons for the K value discrepancy have to be investigated.
2. Radiation Source Position
To calculate the undulator radiation flux, one must know the distance from the setup entrance slits to the radiation source. Photons emitted by particles traveling along the undulator form a real source. We will call the radiation emitted by one particle the intrinsic undulator radiation. The resulting undulator radiation is a convolution of the intrinsic undulator radiation and the particle beam. The increased total angular spread, due to the convolution, will form an effective source. In the case of no divergence introduced by the undulator, the effective source position will be at the location at which the particle beam phase ellipse is upright, that is the β 0 location. When the intrinsic undulator divergence cannot be neglected, the effective source position will not coincide with the β 0 location.
A phase space representation can be used to obtain the effective source position [11] .
The particle beam has a Gaussian distribution in the phase space; it can be characterized by the sigma contour that is the phase ellipse. After translation from the upright phase ellipse position, the β 0 location, to the center of the undulator, which is at distance L, the particle beam phase ellipse will take the form:
The choice of the undulator center as the nominal position of the real source is acceptable for the on-axis flux calculation in the far field zone. In this case, the error in averaging of the aperture solid angle is small.
At the nominal position of the real source, the particle beam phase ellipse will be convoluted with the intrinsic undulator radiation phase ellipse. The intrinsic undulator radiation phase ellipse is represented by the intrinsic undulator source size and divergence.
The source size of the intrinsic undulator radiation in the x-ray energy range is much smaller than the particle beam size and can be neglected. The angular distribution of the intrinsic undulator radiation is characterized in the first approximation by the sin 2 (x)/x 2 function. For the on-axis radiation at the fundamental harmonic energy, E 1 (θ=0), the intrinsic undulator radiation divergence can be approximated by a Gaussian distribution with the rms divergence equal to
, where n is the harmonic number, and N is the number of undulator periods. The convolution of the beam phase ellipse with the intrinsic undulator radiation phase ellipse will result in a new phase ellipse:
To obtain the effective source position, we transform the convoluted ellipse back by a distance X:
The effective source position corresponds to the location at which the convoluted ellipse is upright. The upright ellipse position is at the point where there is no ellipse tilting, resulting in:
The distance from the nominal position of the real source to the effective source position,
, depends on the ratio of the undulator intrinsic divergence to the particle beam divergence.
The calculated distances X , and (L -X), that is the distance from the β 0 location to the effective source position, are presented in Table 3 . The distance L of 1260 mm between the undulator center and the β 0 location was used, which corresponds to the β 0 location at the center of the straight section. The calculation was made for the first harmonic with K=1.228, which has the rms intrinsic divergence of 5.8 µrad. In the horizontal direction, the beam divergence is dominating over the undulator intrinsic divergence, and the effective source position is close to the β 0 location. In the vertical direction, the undulator intrinsic divergence is comparable to the beam divergence, and the effective source position is 0.55 m away from the β 0 location.
The above approach for defining the effective source position is based on knowledge of the β 0 location; it demonstrates that the ratio of the undulator intrinsic divergence to the particle beam divergence finally determines the effective source position. The β 0 location can vary during the run, so determination of the effective source position by means of the above method may be not reliable.
Another approach to determine the effective source position is based on the measurements of the undulator beam transverse profile at the detuned harmonic energy, which is less than the fundamental harmonic energy, E 1 (θ=0). As was mentioned above, the radial angular distribution of the undulator radiation is characterized by the sin 2 the profile peaks appear at a particular angle for a given detuned energy. Figure 4 demonstrates the sin 2 (x)/x 2 function angular distribution at the fundamental harmonic energy, E 1 (θ=0), and at two detuned harmonic energies. Two vertical profiles of the first harmonic calculated at 7.3 keV for an ideal undulator at distances of 27 and 28 m are compared to a measured vertical profile in Figure 5 . The distances to the source were obtained from fitting the calculated profile to the measured profile by varying the distance. In reality, the distance to the source and the beam divergences are obtained simultaneously during the transverse profile's fitting. The source-to-slit distances obtained by the two methods are summarized in Table 4 . For the standard lattice, the distance from the slits to the source was determined to be of 28. Table 1 , showed an upstream β 0 location shift of 0.2 m, but those measurements were not performed at the same time as the undulator diagnostics.
Particle Beam Divergence
Particle beam divergence can be determined from the undulator radiation transverse profiles. The profiles were recorded at the detuned harmonic energy, where the angular distribution of the undulator radiation is characterized by a hollow cone (Figure 4 ). The angular width of the peaks at the detuned energy is smaller than at the fundamental harmonic energy, when the maximum intensity is on-axis. Analysis shows that the minimum width of the peaks occurs at a detuned energy of E n / 2, corresponding to a 1/γ off-axis angle, but the intensity of the peaks is very small. Therefore a compromise is made: the detuned energy has to be chosen so that the width of the maximum is smaller than the beam divergence and the signal-to-background ratio is high. Recording the angular distribution at the detuned harmonic energy allows one to improve the accuracy of the beam divergence measurements, because the beam divergence dominates over the undulator intrinsic divergence. That is especially important for the vertical beam divergence measurements at the APS, where the vertical beam divergence can be smaller than the undulator intrinsic divergence at the fundamental harmonic energy.
The measured angular distributions of the undulator radiation at the detuned energy were slightly asymmetrical, which complicated the beam divergence determination. When the angular distributions were measured at the detuned energy (7.3 keV) of the first harmonic, the standard lattice configuration peaks differed by 7% for both the horizontal and vertical directions, Figure 6 and Figure 7 . The peak's difference for the low-beta lattice was 4% for horizontal measurements and 1% for vertical ( Figure 6 , Figure 7 ).
There was less asymmetry in the horizontal direction for both lattice configurations at the detuned energy (14.5 keV) of the second harmonic: 0.7% for the standard lattice and no asymmetry for the low-beta lattice (Figure 8 ). From the fact that the asymmetry changes for different lattice configurations, it is possible to assume that the asymmetry of the profiles is due to the particle beam and is not caused by the nature of the undulator magnetic field.
The horizontal and vertical particle beam divergences were derived by fitting the calculated profiles to the measured transverse profiles. The program US was used to calculate the transverse distribution; the variable parameters were the rms beam divergence, the rms beam size, and the distance to the source. The distance can be considered as an independent parameter that defines the separation between profile peaks, but the beam divergence and beam size parameters are coupled. The transverse profile at a distance z is a convolution of the undulator radiation with the particle beam that can be represented by a
Gaussian distribution with rms size equal to the σ σ Table 5 and are shown for the standard lattice in Figure 11 and Figure   12 and for the low-beta lattice in Figure 13 and Figure 14 .
4. Absolute Flux
To evaluate the undulator performance, experimental results have to be compared with calculations. Undulator spectral flux was calculated using the program UR from the undulator UA2 magnetic field measured at a gap of 18.5 mm [10] . The undulator horizontal trajectory calculated from the measured magnetic field had a 7-µrad inclination angle with respect to the geometrical undulator axis. To verify the actual direction of the undulator radiation, a set of single particle spectra was calculated, Figure 15 . The axis of the radiation corresponds to the spectrum with the maximum intensity and highest harmonic energy. Figure 15 shows that the first harmonic had maximum intensity at 0.2 mm in the horizontal direction at 28 m from the source, this direction was used for the on-axis undulator spectral flux calculation. The width of the observed undulator harmonics is significantly broader than the intrinsic width of the undulator harmonics, which for the odd harmonics is approximately equal to E 1 /N, where N is the number of undulator periods. The broadening is caused by the beam emittance, undulator magnetic field errors, finite-aperture-size, and the particle's energy spread. When calculating the undulator spectrum from the measured magnetic field for a given aperture and beam parameters, the only undefined parameter is the particle's energy spread. Therefore the particle energy spread can be determined by varying the energy spread value while calculating the undulator spectrum until the harmonic width matches the width of the undulator harmonic of the measured spectrum. A particle's energy spread of 0.085% was determined from the fitting of the undulator third harmonic.
A comparison of the measured and calculated FWHM of the undulator harmonics is presented in Table 6 . For 0.085% particle energy spread, the harmonic width of the ≈ − σ φ , where n is the harmonic number [13] .
Undulator UA2 has a very small rms phase error value of 3.2 degrees, determined from the undulator magnetic field measurements at a gap of 18.5 mm. The broadening of the harmonics caused by the presence of the beam emittance and the particle's energy spread will additionally reduce the harmonics maximum.
The flux calculated for the measured magnetic field with zero and 0.085% particle energy spread is also plotted in Figure 17 , Figure 18 , and Figure 19 . The relative intensities of the harmonics are summarized in Table 7 . The undulator flux calculated from the magnetic field with the determined beam divergence and with 0.085% particle energy spread was normalized to 100%. As can be seen from Table 7 , the measured absolute flux at a gap of 18.5 mm for the first and third harmonics is within 1% of the undulator flux calculated from measured magnetic field, determined beam parameters, and 0.085% energy spread. The measured flux of the fifth harmonic is 15% less than calculated.
The range of the experimental errors and parameters errors and their rms contribution values to the flux measurement and comparison are summarized in Table 8 . Error distributions were considered to be flat with the rms value of ∆ 12 , where ∆ is the range of the error contribution. The total rms value was calculated as a square root of the individual rms square's sum.
The fundamental energy of the first harmonic, E 1 (θ=0), for K=1.228 is 8.04 keV; the position of the maximum intensity is shifted by 50 eV and located at 7.99 keV, Figure 17 .
The energy shift of the maximum intensity is due to the on-axis appearance of the lower energy photons emitted by the off-axis particles. When the spectrum is detected with a pinhole, the energy shift of the maximum intensity is caused by the particle beam angular divergence. The angular divergence effect for the on-axis undulator spectrum is similar to the over-angle integration of the undulator radiation. As was mentioned above, the angular distribution of the undulator radiation in the first approximation can be represented by the Figure 4 . The over-angle integration of the sin 2 (x)/x 2 function will have a maximum at the detuned energy of E 1 (1-1/N) [12] . This energy value can be used as a lower limit of the maximum intensity position. An exact shift is smaller because of the Gaussian angular distribution of the particle beam and because the undulator radiation intensity is decreasing when the off-axis angle is increasing. The finite aperture size will produce an additional low energy shift of the intensity maximum. An estimated energy shift of the maximum intensity from the fundamental harmonic energy (8.04 keV) is E N 1 / =115 eV, and the actual difference was 50 eV. A comparison of the on-axis flux densities of the first harmonic measured at a gap of 18.5 mm for the standard lattice and the low vertical beta lattice is shown in Figure 20 . The harmonic FWHM increased from 178 eV for the standard lattice to 211 eV for the low-beta lattice. The rms vertical divergence increased from 3.9 µrad for the standard lattice to 5.9 µrad for the low-beta lattice, while the horizontal divergence decreased from 24 µrad to 22.5 µrad because of the larger horizontal beta function (see Table 2 ). The on-axis flux density decreased to 92% of that for the standard lattice configuration. The flux density did not change significantly because of the horizontal divergence domination over the vertical when two-dimensional convolution with the particle beam was performed. Nevertheless, the larger vertical divergence for the low-beta lattice could require increasing the size of the vertical aperture of the apparatus to collect the same total photon flux as for the standard lattice case.
Conclusions
The results of the undulator UA2 diagnostics showed that the undulator spectrum Flux calculations were performed with the measured undulator UA2 magnetic field at a gap of 18.5 mm and with the particle beam divergence, particle energy spread, and distance to the source determined from the undulator radiation measurements. Diagnostics were done for the standard storage ring lattice and for the lattice with low vertical beta function.
For the standard lattice, the measured absolute flux for the first and third harmonics at a gap of 18.5 mm was within 1% of the calculated undulator flux. The measured flux of the fifth harmonic was 15% less than calculated.
For the low-beta lattice, on-axis flux density of the first harmonic decreased to 92%
of that for the standard lattice configuration. The flux density did not change significantly because the horizontal divergence dominates the vertical when two-dimensional convolution is performed. Nevertheless, the larger vertical divergence for the low-beta lattice configuration could require increasing the size of the vertical aperture of the apparatus to obtain the same total photon flux as for the standard lattice configuration.
Beam divergence was determined from the measured undulator transverse profiles at the detuned harmonic energy, which is less than the fundamental harmonic energy.
Measuring angular distribution at the detuned harmonic energy allows one to improve the accuracy of the beam divergence evaluation, because the beam divergence dominates over the intrinsic divergence of the undulator radiation. However, the observed asymmetry of the undulator transverse profiles at the detuned energy may complicate the analysis. From comparison of the profile asymmetries for different storage ring lattice configurations, the assumption was made that the asymmetry effect is due to the nature of the particle beam rather than a property of the undulator.
Undulator transverse profile calculations requires knowing the value of the undulator deflection parameter K, which was determined from the energy position of the measured first undulator harmonic. The undulator measured deflection parameter at a gap of 18.5 mm was K=1.228, which differs from the value K=1.217, calculated from the magnetic measurement. The larger K value could be due to the peak magnetic field being higher by 40 Gauss or by the gap size being smaller by 94 µm.
It was found that the undulator second harmonic profile is more sensitive to the horizontal beam divergence changes, and the odd harmonic profiles to the vertical beam divergence. The rms particle beam divergences of 24.0±0.9 µrad (horizontal) and 3.9±0.3 µrad (vertical) were determined for the standard storage ring lattice configuration; 22.5±0.9
µrad (horizontal) and 5.9±0.3 µrad (vertical) for the low-beta configuration. When beam divergence is determined from the transverse profiles, the main source of the systematic error is the inaccuracy of the beam size. A particle energy spread of 0.085% was determined from fitting the calculated width of the third harmonic to the measured one. For a 0.085% particle energy spread, the harmonic widths of the calculated first and fifth harmonics do not exactly match the measured widths of the undulator harmonics. The calculated FWHM of the fifth harmonic is 330 eV compared to 366 eV for the measured harmonic.
The beta function measurements in the straight section, performed by ASD, have
shown that the minimum beta function position, which mainly defines the location of the effective source at the APS, may be up to 2 m away from the center of the straight section.
To avoid uncertainty, the distance to the effective source was determined from the undulator transverse profile measured at the detuned harmonic energy, where peaks appear at a particular angle for a given detuned energy. Hor. profile, 1st harm. 7.3 keV measured, standard lattice measured, low beta lattice Figure 6 . Measured horizontal profiles at 7.3 keV (first harmonic, 18.5 mm gap), peaks differ for the standard lattice (dashed) by 7%, low-beta lattice (solid) -4%. Hor. profile, 2nd harm. 14.5 keV standard lattice low beta lattice Hor. profile, 2nd harm. 14.5 keV measured calculated, σ'=24 µrad Figure 11 . Horizontal profiles at 14.5 keV (second harmonic), standard lattice. Measured (dots) and calculated for σ h = 300 µm, σ h´ = 24.0 µrad (solid). Hor. profile, 2nd harm. 14.5 keV measured calculated, σ'=22.5 µrad Figure 13 . Horizontal profiles at 14.50 keV (second harmonic), lowbeta lattice. Measured (dots), calculated for σ h = 300 µm, σ h´ = 22.5 µrad (solid). 
